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As leveduras do género Saccharomyces, em particular S. cerevisiae, estão 
intimamente relacionadas com o bem-estar público das nossas sociedades. As suas 
contribuições são essenciais quer na área da Biotecnologia como na Medicina. Esta 
levedura tem vindo a estender a sua importância, estabelecendo-se como organismo 
modelo em diversos ramos da genética, o que se reflectiu com o primeiro genoma eucariota 
totalmente sequenciado. Mais recentemente, o aumento do número de isolados de 
ambientes naturais tem sido encarado como um avanço para a experimentação de modelos 
populacionais. No entanto, como S. cerevisiae está, desde há muito tempo, associada a 
ambientes antropogénicos, a controvérsia da sua utilização para estudos de parâmetros 
populacionais em populações naturais ainda persiste. Por outro lado, S. paradoxus, o 
parente mais próximo de S. cerevisiae, não existe em ambientes associados ao Homem e, 
até ao momento, só é isolado a partir de amostras naturais. Por isso, S. paradoxus tem sido 
apontado como o organismo modelo eucariota microbiano mais apropriado para investir em 
estudos de Genética Populacional e Ecologia Evolutiva. 
Presentemente, a espécie S. paradoxus é constituída por três grandes grupos 
filogenéticos, representando populações discretas e independentes, estritamente 
correlacionados com a geografia à escala continental: América do Norte, Europa e Extremo 
Oriente (Rússia de Leste e Japão). Estudos recentes têm demostrado que a divergência de 
sequências dentro desta espécie é função da distância geográfica, verificando-se a 
existência de uma relação positiva entre ambas. Esta variação ao nível de sequência está 
também relacionada com o isolamento reprodutor (pós-zigótico) parcial. Todos estes dados 
têm apontado para que estas três grandes populações de S. paradoxus possam representar 
uma fase precoce e em continuação de especiação alopátrica. O isolamento de 
Saccharomyces, mas principalmente de S. paradoxus, de ambientes naturais tem sido 
maioritariamente alcançado e com maiores taxas de sucesso quando se analisa o “sistema 
de carvalhos”, ou seja, casca, exudados ou solos destas árvores. A associação levedura-
carvalhos é ainda reforçada por ambos partilharem a mesma distribuição geográfica. 
Actualmente, está bem documentado que a distribuição espacial dos genótipos de carvalhos 
foi influenciada pelo Último Período Glaciar (LGM). Com o avanço da calota de gelo, os 
genótipos que se encontravam latitudinalmente a Norte foram extintos, enquanto que outros 
sobreviveram a este avanço em regiões discretas de clima mais ameno (refúgios). No 
continente Europeu, estes refúgios foram associados às três regiões peninsulares mais a 
Sul: Ibéria, Itália e Balcãs. Aqui, estas populações de refúgio divergiram em alopatria. Com o 
progressivo aumento de temperatura e degelo, os genótipos divergentes expandiram-se 




para Norte e recolonizaram estes novos habitats, apresentando a distribuição que hoje se 
observa. 
A hipótese de trabalho proposta para este estudo foi a de que, dada a consistente 
associação entre o isolamento de S. paradoxus e a distribuição de carvalhos ao nível do 
continente Europeu, a distribuição geográfica dos genótipos desta levedura terá sofrido uma 
forte influência dos períodos glaciares, principalmente do LGM, uma vez que várias 
evidências apontam para que esta não se poderia ter mantido nestes ecossistemas. Por 
exemplo, não existem notícias de isolamento de S. paradoxus em biotipos de Tundra de 
ecossistemas permanentemente gelados. 
Para abordar este assunto foi seguida uma perspectiva utilizando métodos e 
modelos de Genética Populacional sobre um conjunto de sessenta isolados distribuídos por 
nove regiões da Eurásia e aplicando a genotipagem a cinco loci de microssatélites 
polimórficos. Os níveis estimados de diferenciação populacional sobre todas as regiões 
estudadas recuperaram uma forte e significativa estrutura populacional (RST = 0.289) que 
será o reflexo da presença de quatro clusters genéticos ancestrais no complexo Europeu de 
S. paradoxus.  
Três destes clusters genéticos distribuíram-se geograficamente e de forma 
segregada pelas populações das Peninsulas Ibérica e Balcãnica. Enquanto que a 
comparação, por análise AMOVA (Análise de Variância Molecular), entre Portugal e Grécia 
estruturou significativamente estas duas populações, evidenciando assinaturas genéticas de 
divergência em alopatria nos dois diferentes putativos refúgios, a comparação entre ambas 
estas populações com Espanha não foi indicativa de diferenciação. Isto indica que a 
população amostrada de Espanha poderá representar uma zona de contacto entre os 
clusters identificados nestas duas penínsulas e que não serviu de refúgio para S. paradoxus. 
Assim sendo, apenas regiões mais a sudoeste da Península Ibérica terão suportado a 
permanência e o consequente isolamento em alopatria entre as populações de Portugal e 
Grécia. Adicionalmente, a identificação de dois clusters em Portugal aponta para uma 
elevada complexidade genética, podendo propôr-se a existência de diferentes refúgios aqui 
nesta região, o que também tem sido descrito mais recentemente com relativa frequência 
para outras espécies de animais e plantas. Devido à reduzida amostragem deste estudo na 
Península de Itália não foi possível fazer qualquer inferência sobre o papel desta região 
sobre a distribuição dos genótipos de S. paradoxus na Europa. Com este trabalho foi 
também identificado um quarto cluster genético presente na região Este (Moscovo e Sibéria) 
da Eurasia. Estes indivíduos eram genotipicamente idênticos o que não se enquadra na 
diversidade genética dos refúgios. No entanto, a presença deste cluster aponta para a 
existência de um outro possível refúgio a Este para S. paradoxus que permanece ainda por 
identificar, sendo necessário maior amostragem nestas regiões. 




As regiões do centro e norte da Europa apresentaram coeficientes de ancestralidade 
e uma grande proporção de indivíduos mosaico relacionados com os clusters dos refúgios, o 
que demostra uma grande confluência dos genótipos dos refúgios nas latitudes mais a 
Norte. Estas evidências são compatíveis com o cenário de expansão pós-glaciar para Norte 
com origem nos refúgios identificados nas penínsulas do Sul. Diferentes refúgios tiveram 
diferente impacto na estruturação das populações resultantes da expansão. Enquanto que 
os genótipos originários da Península Ibérica foram mais influentes nas populações da 
Europa Central e Reino Unido, os genótipos com origem nos Balcãs exerceram maior 
influência no Norte da Europa, como evidenciado pelos elevados níveis de fluxo génico 
entre as duas populações (Grécia e Norte da Europa, Nem = 1.667), e também mais para 
Este na região do Cáspio. 
De forma a complementar e integrar toda esta informação numa escala temporal, os 
tempos de divergência calculados entre as populações dos putativos refúgios, apesar de 
largos e com um elevado grau de incerteza, colocam na sua maioria a divergência para o 
LGM ou para um período tardio do Pleistoceno. Por outro lado, a divergência entre as 
populações dos putativos refúgios e populações mais a norte datam para períodos 
posteriores ao LGM, quando a temperatura aumentou e as calotas de gelo foram 
derretendo, possibilitando a expansão para norte. Em concordância, a ausência de 
isolamento-por-distância envolvendo as populações que estarão relacionadas com a 
expansão dos genótipos a partir do(s) refúgio(s) identificado(s) na Península Ibérica também 
sugere uma origem recente para as populações do norte da Europa.  
Curiosamente, os padrões aqui identificados de isolamento em refúgios nas 
penínsulas da Ibéria e Balcãs e consequente avanço pós-glaciar para Norte são 
congruentes com os padrões identificados para os carvalhos, encaixando-se num paradigma 
já estabelecido para o isolamento seguido da recolonização das regiões norte da Europa. 
Assim, foi possível reforçar a hipótese de que, de facto, os carvalhos têm desempenhado 
um papel fundamental não só na distribuição de S. paradoxus com também na sua 
estruturação genética na Europa, podendo representar os sistemas mais apropriados para o 
desenvolvimento e fluxo da levedura na natureza. 
O resultado do trabalho desenvolvido durante esta dissertação revelou ser de 
importância primordial, abrindo novos horizontes para o escrutínio da ecologia evolutiva de 
S. paradoxus ou de leveduras do género Saccharomyces, no geral. Adicionalmente, dada a 
crescente utilização de S. paradoxus em estudos populacionais, este estudo contribui com 
um grande avanço para o estabelecimento definitivo desta levedura selvagem como 
organismo modelo nas áreas da Genética Populacional, Ecologia Evolutiva e Genética 
Evolutiva de populações naturais. 
Palavras-chave: S. paradoxus, Eurásia, Filogeografia, Refúgios Glaciares, Último Máximo Glaciar (LGM). 





Within the last recent years, the increasing number of Saccharomyces isolates 
collected from natural habitats has placed this yeast genus at the forefront of population 
genetic studies. In particular, S. paradoxus, the wild relative of S. cerevisiae, is setting itself 
as a model organism for population genetic and genomic approaches. Herein, sixty S. 
paradoxus isolates distributed over nine regions in Eurasia were studied to expose the 
partition and the structure of genetic variation within this complex. This was achieved 
employing a phylogeographic rationale over a set of five polymorphic microsatellite data.  
Estimates of population differentiation were high and reflected the presence of four ancestral 
genetic clusters. Populations from Portugal and Greece were assigned to geographically 
different clusters and had diverged in allopatric putative refugia for sufficient long time to led 
molecular signatures of such isolation. By contrast, northern populations were found to share 
varying contributions from the ancestral clusters and did not present detectable molecular 
departures from the refugia populations. Most of the mosaic representation was allocated to 
northern individuals. Both the absence of isolation by distance and divergence time 
estimates involving northern populations suggested that these had a relatively recent origin. 
On the other hand, divergence time estimates between refugial populations, although wide, 
mostly included the Last Glacial Maximum (LGM), or previous periods. Altogether, the 
scenario is compatible with southern peninsula refugia and post-glacial North advance during 
the late Pleistocene glaciations. In here, it was also hypothesized that the oak system may 
drive S. paradoxus ecology as both seem to share the same phylogeographic patterns. 
The work developed in this dissertation contributes to a better comprehension of the 
life history and ecology of the yeast S. paradoxus and puts forward a highly motivation to 
definitely establish this yeast as a model organism in population genetics. 
Keywords: S. paradoxus, Eurasia, Phylogeography, Glacial refugia, Last Glacial Maximum (LGM). 
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It is undisputed that evolutionary biology has a central role in life sciences and can 
contribute to social benefit not only in medicine but also in areas such as biotechnology, 
ecosystem management and public education on biodiversity. This work deals with the 
evolutionary processes that are important for the biogeographical study of lineages across 
space and time, a discipline known nowadays as phylogeography. Phylogeography has 
become a powerful approach to the elucidation of genetic variance and vicariance and has 
contributed decisively to the understanding of geographical patterns, evolutionary origins and 
history of monophyletic lineages, especially at the intraspecific level. A major milestone for 
phylogeography was the “Out of Africa” hypothesis for the study of human evolution. 
However, for microorganisms, which have a critical importance for nutrient cycling and for 
sustaining all biological communities on Earth, phylogeographic studies are scarce and much 
more superficial that those carried out for animals or plants. This is due in large part to the 
fact that it is difficult to study accurately microbial populations and to understand in detail 
their natural life histories. This poor characterization of the ecology of microorganisms is 
even more striking when model organisms are concerned. In the case of Saccharomyces 
yeasts, the vast wealth of knowledge that has been gathered in different areas contrasts 
markedly with our ignorance on where and how these important microbes thrive in nature. 
The work described here seeks to contribute to improve our knowledge on the ecology and 
population dynamics of natural populations of Saccharomyces yeasts.  
1.1. Saccharomyces as model organisms 
Yeasts of the ascomycete genus Saccharomyces play a major role in fermentative 
processes related to the production of foods, beverages and other commodities (e.g. 
alcoholic beverages, baking, biodiesel production) as well as in medical applications (e.g. 
hepatitis vaccine, production of insulin). Given its importance, Saccharomyces cerevisiae has 
been thoroughly studied at the cellular and molecular level and has become a model 
organism, being the first eukaryote to have its genome completely sequenced [1]. The wealth 
of information extracted from this and other genome sequencing projects [2,3,4] is used as a 
guide for the understanding of countless cellular processes including the functioning of 
human cells in health and disease. The relatively small genome size with a high density of 
genes and regulatory elements, coupled with the availability of complete genome sequences 
of several species, brings this yeast genus to the forefront of comparative genomics. In 
comparison with other eukaryotic model organisms, like Drosophila and Caenorhabditis 
elegans, yeasts are of much easier manipulation and maintenance in laboratory. Moreover, 
the ease of genetic manipulation settles S. cerevisiae as an experimental system not only for 




molecular genetics but also for metabolic engineering [5,6]. Fast generation times together 
with the possibility of carrying out genetic crosses and fast screening of hybrids and offspring 
analyses completely distinguishes Saccharomyces from other model organisms and make 
these yeasts an ideal system for laboratory studies in experimental evolution. More recently 
Saccharomyces yeasts have been also considered advantageous for evolutionary and 
population genetic studies [7,8]. In recent years, the gathering of an increasing number of 
isolates that have a considerable amount of genetic differentiation has encouraged surveys 
for mechanisms of selection, adaptation and social interactions, evolution of sex and mating 
systems and for unraveling ecological niches and the genetic structure of natural 
populations.  
1.2. Population genetics of Saccharomyces 
As indicated above, little is known about Saccharomyces habitats and life histories and, 
until recently, attempts to find this species in natural habitats were frequently unsuccessful 
[9]. In the past, S. cerevisiae was exclusively associated with human activities related to the 
fermentation of alcoholic beverages. The prevalent idea was that wild strains of S. cerevisiae 
represented synanthropic populations related in some way with human activities [10]. More 
recent studies provided evidence of a more complex situation. S. cerevisiae comprises not 
only domesticated lineages, better adapted for alcoholic fermentations, but also wild 
lineages. Genetic differentiation among S. cerevisiae isolates is low and the mosaic 
population structure observed for most of its lineages supports the idea of domestication and 
association with humans [4,11]. These specialized lineages derive from natural populations, 
not the opposite, and seem to have followed man and vine migrations [11,12]. To avoid the 
potential complications of the domestication process that occurred in S. cerevisiae, most 
recent studies on natural populations of Saccharomyces have focused on its closest relative, 
the wild yeast S. paradoxus that is not present in artificial fermentations and is only found in 
nature. 
1.3. Natural populations of Saccharomyces paradoxus 
S. paradoxus is mainly isolated from the bark of oak trees and soil underneath these 
trees in temperate woodlands in the Northern Hemisphere. This yeast species is becoming 
an attractive model for population genetic and genomic studies of natural populations. 
Moreover S. cerevisiae and S. paradoxus have the same chromosome number, no gross 
chromosomal rearrangements have been observed [13], their genomes are largely syntenic 
[3] and have a level of sequence divergence of ≈ 15% [2]. Nevertheless, gene flow between 




S. paradoxus and S. cerevisiae is limited because, although they can form hybrids, the 
hybrid lines are sterile due to post-zygotic isolation [14].  
In contrast to S. cerevisiae, a significant genetic differentiation exists among isolates of 
S. paradoxus. A more detailed examination of this genetic diversity along the spatial 
distribution of S. paradoxus demonstrated that sequence divergence increased with the 
increasing geographical distance between groups of isolates [15]. This was seen even at 
quite different geographical scales that ranged from different continents to oak trees 
separated by a few meters and even for individual trees. Furthermore, geographically distant 
and genetically divergent strains exhibit complete sorting of alleles, i.e. they are 
genealogically independent, indicating that the different lineages are allopatric. Thanks to 
recent investigations we now know that S. paradoxus is composed of three main and well 
delimited clades that are correlated with geography at a continental scale and represent 
discrete populations that evolved independently over hundreds of thousands of years (Figure 
1) [4,16]. These clades are normally designated as the European, Far Eastern (Far East 







Sequence variation is well documented for the three geographic populations of S. 
paradoxus. Within populations, the level of sequence divergence lies between 0.07%, for Far 
Eastern isolates, and 0.29%, for North American isolates. Between populations the 
divergence increases to 1.5% between European and Far Eastern populations (the same as 
for man and chimpanzee) and to 4.6% between European or Far Eastern and North 
American populations [16]. This degree in sequence variation is correlated with the degree of 
meiotic sterility of hybrids, which indicates partial reproductive isolation between these 
geographical groups [16,17]. Moreover, it is possible that these populations may represent 
an early stage of allopatric speciation [15,18].  
Figure 1 Cladogram representing the radiation within S. paradoxus with divergence times for the 
three major geographic clades currently accepted. The topology of the tree and divergence times 
were adapted from Liti et al. [16]. The tree is based on multigene sequence analysis and the  
estimation of the time of divergence considers a range of 1 to 8 generations  per day. EUR –
European, FE – Far Eastern and NA – North American; mya refers to million years ago. 




Despite the interest in the study of natural populations of S. paradoxus, all previous 
studies were based on a relatively low number of isolates. Therefore, little is known about the 
genetic variability of each of the three main populations. For example, in a study aiming at 
analysing population differentiation within Europe, no clear pattern was found for the spatial 
distribution of alleles [15]. However, only 19 strains from continental Europe were included in 
the survey, which provided a characterization with low resolution. Therefore, it is necessary 
to increase the size of the sampling although obtaining more isolates is a laborious process 
normally not carried out by yeast evolutionary biologists. 
1.4. The oak system as a Saccharomyces habitat 
Recent studies have focused on a better understanding of Saccharomyces ecology and 
natural life history [15,17,19,20,21,22]. For example, a Saccharomyces survey in temperate 
European forests reported a high success rate of isolations (33%) from the main types of 
Mediterranean oaks (Quercus spp.) [23]. These and other findings led support to the view 
that natural distribution of Saccharomyces species is associated with the distribution of oaks 
and that the oak system (bark, exudates and soil underneath the trees) is a preferential 
Saccharomyces habitat. The detection of simple sugars on the bark of oak trees that harbour 
Saccharomyces led to the hypothesis that the oak habitat could support active growth of 
Saccharomyces populations and not just their transient presence in a dormant state [23]. It is 
important to note that the Saccharomyces – Quercus association marks a novel paradigm for 
the studies of the natural biology of this microorganism. Most importantly, past biogeographic 
events that influenced oak distribution are likely to have left their imprint on Saccharomyces 
populations. The genus Quercus is widespread across the Northern Hemisphere and 
numerous oak species are important components of many temperate forest ecosystems [24]. 
It is not surprising that most records of isolation of wild Saccharomyces strains, especially 
those belonging to the species S. paradoxus, overlap the distribution of oaks – yeast and 
oaks are found in North American continent, ranging from Mexico to southern Canada, 
throughout all Europe and in the eastern part of Asia.  
1.5. Oaks and past climatic changes 
The biogeographical distribution of oak forests was greatly affected by the climatic 
oscillations that occurred in the last glacial cycle of the Pleistocene epoch [25,26]. During this 
period the ice sheets advanced and receded with cycles of approximately 100 thousand 
years, producing severe changes in the distribution of the different oak species. In the Last 
Glacial Maximum (LGM) (from 26.5 to 19 thousand years ago (kya) [27]), Canada and 
northern Europe were completely covered with ice sheets and permafrost extended south in 




the rest of North America and to Central Europe [28]. Pollen fossil records in both continents 
show that some species went extinct, some dispersed to new locations and others survived 
in restricted small areas with a milder climate, termed refugia, south of the ice cap and 
permafrost [29]. With the onset of deglaciation, the ice sheets retreated and oaks expanded 
into new territory. The pattern of genetic variability of species during the post-glacial range 
expansion was largely conditioned by geographical and orographical features. 
Phylogeographic studies on several species of plants and animals report common historical 
patterns of recolonization mostly determined by LGM. The pattern of genetic structure and 
expansion routes after the LGM is well documented for the species complex composing the 
European oak group. In Europe, the examination of oak population structure indicates a 
longitudinal partitioning between western, central and eastern lineages, which lead to the 
conclusion that migration occurred northwards from three primary Mediterranean refugia 
located in Iberia, Italy and the Balkans [25]. Because in North America several geographical 
features are markedly different from Europe, the constraints imposed to population structure 
during the Pleistocene ice ages were also different. For the North American populations of 
Quercus, the observed pattern of differentiation indicates a latitudinal trend, with haplotypes 
locally distributed in patches probably due to survival close to glacial margin and not in 
distantly located refugia [30]. In this continent the identification of refugia is not as 
straightforward as in Europe, although California and Florida have been pointed out as 
probable glacial refugia for several species. 
1.6. Conceptualization of the problem and objectives of the study 
Previous reports have shown the interest in studying the population genetics of wild 
populations of S. paradoxus. However, given the small sampling, only a limited part of the 
gene pool of S. paradoxus had been studied, restricting our ability to make more in-depth 
inferences. Moreover, due to its broad distribution over various continents a detailed survey 
of discrete geographic populations has not yet been obtained. The hypothesis to be tested in 
this work is that glaciations, especially LGM, modelled the geographic distribution of 
genotypes of S. paradoxus in Eurasia because it is assumed that S. paradoxus could not 
have survived outside the distribution range of oaks. Specifically, the  aims of this work were: 
1) to expand the collection of Eurasian isolates of S. paradoxus; 2) to reconstruct the 
phylogenetic relationships of Eurasian S. paradoxus; 3) to analyse genetic diversity with fast 
evolving molecular markers (microsatellites); 4) to study the population structure and 
subdivision; and 5) to unveil phylogeographic patterns of S. paradoxus in Eurasia. 
  




2. MATERIALS AND METHODS 
2.1. S. paradoxus collection 
The sixty wild strains of S. paradoxus studied were collected across Eurasia. Some of the strains 
were previously obtained by researches from the host laboratory [23]. Other strains were obtained 
from public culture collections or were kindly provided by international colleagues. The geographic 
origin and source of isolation of all S. paradoxus strains used in this study is shown in Table A1 of 
Annexes. Strains were grown at room temperature in YMA medium (0.3% Yeast extract, 0.3% Malt 
extract, 0.5% Peptone, 1.0% Dextrose, 2.0% Agar). 
2.2. DNA extraction and Polymerase Chain Reaction (PCR) amplification 
For DNA extraction, two loopfuls of YMA-grown cultures were suspended in 1.8 mL of water with 
the equivalent to a volume of 200 µL of 425±600 µm glass beads (Sigma), pelleted by centrifugation 
and stored at 20ºC for at least 1h. The pellet was ressuspended in lysing buffer (50 mmol Tris ; 250 
mmol NaCl; 50 mmol EDTA; 0.3% w/v SDS; pH 8), phenol and chlorophorm (2:1:1). After vortexing for 
20 min the tubes were centrifuged for 25 min at 4ºC. Nucleic acids were precipitated with ethanol. 
Finally, DNA was ressuspended in 30-40 µL of TE+RNase (100 mmol Tris/HCl, pH 8, and 100 mmol 
EDTA, plus 50 µg/mL RNase). 
PCRs were performed in a final volume of 25 µl or 50 µL and contained the following components 
(unless stated otherwise): 1X DreamTaq Buffer plus  2 mM of MgCl2, 0.25 mM of dNTPs, 0.2 µM of 
each primer, 50-100 ng of template, and 1 U DreamTaq DNA polymerase (all reagents were 
purchased at Fermentas). Thermal cycling, unless stated otherwise, consisted of a 5 min denaturation 
step at 95°C, followed by 35 cycles of denaturation  at 94°C for 45 s, 1 min at the annealing 
temperature (variable), and 1 min extension at 72°C ; the annealing temperatures as well as the 
sequences of all the primers, are listed in Table A2 of the Appendix. A final extension of 15 min at 
72°C was performed at the end of each reaction. Tar get amplifications were confirmed by 
electrophoresis of PCR product (variable volume) in an agarose gel stained with GelRed, visualized 
under UV light and digitalized using GelDoc Quantity One System (Biorad). 
For sequencing, amplification products were purified using the GFX PCR DNA and gel purification 
kit (GE Healthcare) and directly sequenced. Sequencing was performed by STABVida, Portugal. 
2.3. Phylogenetic reconstruction 
A subset of 46 Eurasian strains plus 3 strains from Far East and 14 strains from North America 
were sequenced for parts of the nuclear coding sequences of EST2 (reverse transcriptase subunit of 
the telomerase) and LEM3 (membrane protein that interacts specifically with the flippase; localized in 
a subtelomeric segment from the left-arm of chromosome XIV corresponding to a 23 kb region of 
introgression of S. cerevisiae into European S. paradoxus) and the mitochondrial coding sequence of 
COX2 (subunit II of cytochrome c oxidase) (Table A2). This analysis included also the type strains of 
S. paradoxus, S. cerevisiae and S. mikatae, whose sequences were downloaded from the 




Saccharomyces Genome Database (SGD). LEM3 reference sequences of S. paradoxus and S. 
cerevisiae, obtained from the SGD, were used for oligonucleotide primer design in PRIMER PREMIER 
V5.0 (PREMIER Biosoft International, Palo Alto, CA). 
DNA sequences were aligned using CLUSTALW [31] and manually edited in BIOEDIT V7.0.9.0 [32] 
where they were concatenated to form the final dataset. The phylogenetic tree was constructed in 
MEGA V4.1 [33] using the Neighbor-Joining method [34] with the Kimura-2-parameters model [35] and 
bootstrap values from 1000 replicates [36]. Genetic diversity within populations was characterized by 
the total number of mutations (Eta), number of segregating sites (S), haplotype diversity (HD), 
nucleotide diversity based on the average number of pairwise differences (π) and the number of 
segregating sites (θW); genetic diversity between populations was characterized by fixed (SF) and 
shared polymorphisms (SS), average number of nucleotide substitutions (DXY) and net nucleotide 
divergence (DA). All these estimates were calculated using DNASP V5.1 [37]. 
2.4. Microsatellite typing 
The five microsatellite loci used in this study have been described elsewhere (see Table A2). 
ASG1 and ZEO1 loci were amplified using a Touch-Down PCR protocol designed to reduce non-
specific priming and subsequent amplification (Table A2). The PCR amplicons were separated by 
electrophoresis on 3-4% HR Agarose (Ambion) gels at 5 V/cm in TBE buffer with O’GeneRuler 50bp 
(Fermentas) as size marker. Because most of these microsatellite loci had not been previously shown 
to be polymorphic in S. paradoxus, each locus was sequenced to confirm that the amplified repeats 
corresponded to the expected microsatellite and that size differences were related to indels in the 
repeat core and not in the flanking regions. PCR products were genotyped by STABVida, Portugal. 
Briefly, all PCR reactions were run individually. For capillary gel electrophoresis, each forward primer 
had been labeled with a fluorogenic compound: 6-carboxyfluorescein (FAM), hexachlorofluorescein 
(HEX) or benzofluorotrichlorocarboxyfluorescein (NED) (Applied Biosystem-ABI) (Table A2). Before 
the analysis, the PCR amplicons were first diluted depending on the brightness of the PCR bands and 
on the fluorogenic compound. Diluted PCR products were combined in a single sample and loaded for 
multiplex capillary electrophoresis on a ABI 3730 automated sequencer (ABI) using an internal labeled 
size standard (GS500 ROX, ABI). Microsatellite alleles were scored using PEAK SCANNER SOFTWARE 
V1.0 (ABI).  
2.5. Microsatellite data analysis 
Despite the high levels of homozygosity detected, since it is thought that S. paradoxus behaves in 
nature as a diploid [38], multilocus genotypes were treated as diploid. The extent of within-population 
genetic variation was quantified as both absolute (A) and mean number (a) of alleles, number (P) and 
proportion of private alleles (PvA) and expected heterozygosity (HE). These statistics were estimated 
using MICROSATELLITE TOOLKIT V3.1 for Microsoft Excel [39]. As the number of alleles detected in a 
population is highly dependent on the number of individuals sampled, allelic richness was calculated 
for corrected sample sizes. This calculation was done in FSTAT V2.9.3.2 [40] by estimating the 




expected number of alleles for a given locus in a subsample of 2n genes, where n is fixed at the 
smallest number of individuals typed for a sample. Populations with only two individuals were 
excluded from this analysis. Genotypic linkage disequilibrium between loci was tested using the log-
likelihood ratio test with GENEPOP ON THE WEB [41,42]. Significance was evaluated by Fisher exact test 
where P values were estimated by applying the default parameters. Pairwise linkage disequilibrium 
within populations was tested with ARLEQUIN V3.5 [43]. Significance was evaluated by Fisher exact 
tests where P values were estimated by applying a Markov chain method with the following 
parameters: 100 000 iterations; 1000 dememorizations. 
SPAGEDI V1.3 [44] was used to test for a phylogeographic pattern. Pairwise FST, based on allele 
identity, and RST [45], that takes allele size information into account, were compared to assess whether 
microsatellite mutation process contributed to differentiation between populations. This procedure 
estimates the distribution of pRST (permuted RST) using a randomization procedure whereby the allele 
sizes observed at a locus are randomly permuted (1000 permutations) while the allele identity 
information is kept intact. The test compares the observed RST value to the expected pRST. If RST is 
significantly larger than pRST, then mutation contributes to genetic differentiation and follows, at least 
partially, a stepwise mutation process (SMM) [46]. 95% confidence intervals were calculated by 
jackknifing over loci. Population genetic differentiation was estimated with RST using the RST-CALC 
software [47]. RST-CALC deals with differences in variance between loci, making them comparable by 
standardizing the variance of allele size prior to calculation. Bootstrap (1000 replicates) was used to 
estimate the 95% confidence intervals for overall RST, and permutation test (1000 permutations) was 
used to determine if overall RST values across loci are significantly different from zero. Pairwise tests 
of population differentiation were performed in FSTAT V2.9.3.2 without assuming Hardy-Weinberg 
equilibrium. P-values were obtained after 1000 permutations. Sequential Bonferroni corrections were 
applied to correct for type I error [48]. For the estimates of differentiation and pairwise comparisons, 
populations of only two individuals were excluded from the analysis as these can give biased results. 
Population structure of S. paradoxus in Eurasia was investigated using the model-based Bayesian 
clustering analysis implemented in STRUCTURE V2.3 [49]. This analysis simultaneously identifies the 
number of genetically distinct clusters (K) and assigns individuals to each one of the clusters 
determined. The algorithm implemented develops the partition of genotypes into K clusters, which are 
characterized by a set of allele frequencies at each locus, and assigns probabilistically individuals to 
one or more clusters, in the case of admixture, based on their genotypes in order to minimize 
deviations from Hardy-Weinberg and linkage equilibrium within each cluster. STRUCTURE estimates the 
posterior probability of the data given each particular K and the posterior probability of individual 
membership to each cluster without explicitly including prior spatial information of individuals. Run 
conditions were performed for K = 1 to K = 10 clusters and followed 100 000 MCM iterations after an 
initial burn-in period of 50 000. Allele frequencies were assumed to be correlated among populations 
and the ancestry model allowed for admixture. Fifteen independent simulations were run for each K to 
assess stability. Estimation of the number of K clusters was based on the log likelihood score and 
posterior probability of K [49]. The optimal number of K clusters was also estimated by an additional 
ad hoc statistic, ∆K, determined by the second order rate of change between log probabilities for 




successive K values, which was shown to provide a better estimation of the number of clusters at the 
uppermost hierarchical level [50]. Barplots were generated by the DISTRUCT program [51]. The genetic 
structure of populations was also investigated by an Analysis of Molecular Variance (AMOVA; [52,53]) 
performed in ARLEQUIN V3.5 using the sum of squared size difference (RST-like). This analysis was 
used to estimate the partitioning of the total genetic variance into among- and within-populations 
components, to test which population pairs best explained allopatric divergence. 
The pattern of isolation-by-distance and the identification of possible events of recent population 
expansion [54] were tested using the ISOLDE [55] program in GENEPOP, which compared genetic 
similarity, estimated by RST/(1-RST), with the natural logarithm of geographical distance (estimated 
using a stepping-stone model). Regression significance was evaluated using Mantel test with 1000 
MCMC permutations. 
The genetic distances (δµ)2 [56] and Ƭ  [57] were used for divergence time estimations with 
microsatellite data. (δµ)2 is a measure of genetic distance between pairs of populations based on the 
Stepwise Mutation Model; if two populations diverge T generations ago, having the same mean repeat 
size at the time of divergence, then the expected value of (δµ)2 is equal to 2µT, where µ is the 
mutation rate per locus per generation. Ƭ is calculated from the average number of pairwise 
differences and estimates divergence time between populations of unequal sizes; the sizes of either 
present populations can be different but their sum adds up to the size of the ancestral population; Ƭ 
estimates divergence time in generations scaled by the mutation rate (Ƭ = 2µT), where µ is the 
mutation rate per locus per generation. Two mutation rates for trinucleotide repeats in Saccharomyces 
(using a mean of 26 repeats per locus) were used for divergence time calculations; one is based on 
direct estimates [58], using complete-genome sequencing with mutation-accumulation experiments, 
and the other is based on indirect estimates with model-based computations [59]. 
  





3.1. Sampling and distribution of Eurasian S. paradoxus 
Sixty strains of S. paradoxus were studied. Up to now this group of isolates represents 
the most complete set of representatives of this species collected across a longitudinal 
transept of the Eurasian continent, ranging from the most western part (Iberia) to the most 
eastern locations (Siberia). The latitudinal range of the sampling encompasses Southern, 
Central and Northern Europe, including also the United Kingdom (Figure 2 and Table A1). 
The isolates were tentatively divided into nine regions as shown in Figure 2. This wide 
distribution range of S. paradoxus across Eurasia does not suggest any clear preference with 
respect to a particular geographic region or climate. However, 73% of the isolates (44 out of 
60 individuals) were obtained from the oak system, which suggests that oak forests are the 
preferred S. paradoxus habitat in Eurasia.  
 
Figure 2 The distribution of S. paradoxus sampled across Eurasia. The red dots represent the 
approximate location of the strains. Samples were grouped into nine regions in order to reflect 
geography. The region of Spain is marked with a dashed line because three of the strains are of 
unknown exact location (the other three were collected in the Pyrenees). Pt – Portugal, Sp – Spain, 
CE – Central Europe, NE – Northern Europe, UK – United Kingdom, It – Italy, Gr – Greece, Ru – 
Russia, Ca – Caspian. 
3.2. Phylogenetic relationship and sequence variation 
In order to search for a phylogeographic signal for past vicariant events among Eurasian 
wild isolates of S. paradoxus, a subset of 46 isolates from the entire collection (60) were 
screened using concatenated sequence data from three genes (section 2.3). A total of 33 




haplotypes were grouped in three statistically supported major clades (Eurasia, Far East and 
North America) (Figure 3A). This topology does not agree exactly with the published 
phylogeny of S. paradoxus [16] because for all the Eurasian isolates studied, LEM3 is part of 
a recent introgression from S. cerevisiae [16]. Nevertheless, the tree shows the same strong 
geographical signal.  
 
Figure 3 Phylogenetic relationships of lineages of S. paradoxus. A) Phylogenetic tree based on the 
concatenated analysis of partial sequences of two nuclear (EST2 and LEM3) and one mitochondrial 
(COX2) genes; S. cerevisiae and S. mikatae were included to root the tree;  the combined data for S. 
paradoxus resulted in 180 polymorphic sites, of which 169 were parsimony informative; total length 
was 2358 bp (2340 bp if indels are excluded); the tree was built using the Neighbor-Joining algorithm 
with a bootstrap test of 1000 iterations; evolutionary distances were calculated by the Kimura-2-
parameters model; bootstrap values above 50% are indicated on the branches; scale represents the 
number of nucleotide substitutions; major branches were compressed for simplification. B) Detail of 
the tree showing the Eurasian clade. The Western clusters are represented in red and the Eastern 
cluster is represented in yellow. 
Sequence divergence between the Eurasian and North American populations was of the 
same magnitude as previously reported (Table 1B) [16]. For the Eurasian population three 
lineages were detected (A, B and C) (Figure 3A and Figure 3B). Lineage A (West 1) had high 
nodal support but differentiation between clusters B and C did not receive significant 
statistical support. Phylogroups B and C appeared to be equally divergent from their common 
ancestor as shown by the total number of mutations, number of segregating sites and 
nucleotide diversity (Table 1A). Moreover they shared four fixed differences and did not 
share any polymorphism with lineage A, which indicates complete lineage sorting (Table 1B). 
Net divergence between Eurasian clusters A and B/C, taken as the number of nucleotide 
substitutions that occurred in each cluster after their split, was low (DA = 0.20%), 
corresponding to a very recent separation. Net divergence between B and C clades was 
lowest (DA = 0.13%), suggesting a more recent split.  




Table 1 Summary of nucleotide variation within S. paradoxus (A) and of divergence between S. 
paradoxus populations (B). Sample size (N); total number of mutations (Eta); number of segregating 
sites (S); haplotype diversity (HD); nucleotide diversity based on the average number of pairwise 
differences (π) and the number of segregating sites (θW); fixed differences (SS); shared polymorphisms 
(SF); average number of nucleotide substitutions (DXY); net divergence (DA); nucleotide divergence (K); 
JC is Jukes-Cantor correction for multiple hits. 
(A)       
 N Eta S HD π-JC (%) ΘW (%) 
North America 12 40 39 0.970 0.561 0.549 
Eurasia 46 18 18 0.899 0.131 0.175 
Eurasia-B 27 8 8 0.755 0.058 0.089 
Eurasia-C 17 7 7 0.875 0.070 0.088 
Eurasia-A (West 1) 2 1 1 1.000 0.043 0.043 
West 2 17 4 4 0.426 0.024 0.050 
East 10 3 3 0.711 0.041 0.045 
 
      
(B) 
     
 SF SS k DXY-JC (%) DA-JC (%) 
Eurasia : North America 98 5 121.48 5.38 5.03 
A : B/C 4 0 6.59 0.28 0.20 
B : C 2 3 4.31 0.18 0.13 
East : West2 4 0 4.99 0.21 0.18 
 
A closer inspection of the Eurasian clade revealed that the haplotypes were not 
geographically restricted. However, a West-East longitudinal partitioning of the haplotypes 
was suggested (Figure 3B). Clade West 1 included one strain from Portugal and one strain 
from Italy. Clade West 2 was mainly composed by Portuguese and Greek strains, although it 
included also strains from the United Kingdom, Germany and Spain. All the strains from 
Russia were in the East cluster together with single strains from Italy, Lithuania, Finland and 
United Kingdom. The polyphyletic Central group included strains from Germany, Denmark, 
Slovakia, Netherlands, Estonia, United Kingdom and also single strains from Portugal, Spain 
and Uzbekistan. Net divergence between the clades West 2 and East was low (DA = 0.18%). 
However it was higher than DA between clades B and C and similar to the one found between 
clades A and B/C, possibly indicating a recent and simultaneous split for the three Eurasian 
clusters. Furthermore, shared polymorphisms were not detected, increasing the number of 
fixed differences between West 2 and East clusters (Table 1B). This suggests that the 
shared polymorphisms observed for B and C clades were localized in the Central group. 
Instead of representing shared ancestral polymorphisms they probably formed by the contact 
between West 2 and East in European central latitudes. 
3.3. Genetic diversity of microsatellite markers 
To obtain a better resolution for the distribution of the genetic diversity across Eurasia, 
five polymorphic microsatellite markers were screened (ASG1, ECM16, TFA1, UBA1 and 
ZEO1). These five loci contained between 5 and 20 alleles, being TFA1 and UBA1 the least 




and the most variable microsatellites, respectively. Within each region, the microsatellite 
markers revealed different levels of genetic diversity (Table A4). The most polymorphic locus 
was UBA1 with 1 to 9 alleles per region and a maximum of expected heterozygosity, a 
measurement that translates the level of genetic diversity, of 0.910. In contrast, TFA1 yielded 
low levels of polymorphism with only a maximum of 3 alleles per population and a maximum 
of expected heterozygosity of 0.711. Considering all loci and their correspondent average 
values (Table 2), the mean number of alleles in each region was 3.42, ranging from 1.60 in 
Italy to 6.40 in the UK. The expected heterozygosity was highest in Northern Europe and UK. 
The estimation of allelic richness took into account the unequal population sizes and was 
also higher in UK and Northern Europe. Both measures had their lowest value in Russia. In 
this region, eight out of nine individuals had identical multilocus genotypes, which suggest 
clonality. However, strains included in this group were collected in very distinct localities like 
Moscow region and Siberia, which are separated by more than 2700 Km. Moreover, all the 
strains from the Moscow area were collected from different substrates. The Italy population 
had a single allele for TFA1 and UBA1 loci and the Caspian population had a single allele for 
UBA1 (Table A4). Although it seems that these alleles are fixed in these two populations, the 
poor sample sizes of only two individuals preclude the complete analysis of these allelic 
states. Private alleles were found in all populations with the exception of the population from 
Russia, which shares all alleles with all other populations. The largest proportion of private 
alleles was found in UK where they account for almost 35% of the total allelic frequency 
(Table 2). Two other regions, one in the North and the other in the South of Europe (Northern 
Europe and Spain) had also a considerable percentage of private alleles (21%). However, in 
two other southern regions, private alleles only accounted for 9% in Portugal and 8% in 
Greece of the total number of alleles. Grossly, a latitudinal trend seems to exist for an 
increase in the proportion of private alleles northwards. Nevertheless, the frequencies of 
private alleles in UK and Northern Europe are in general lower than for the three more 
southern populations (Portugal, Italy and Greece) (Table A3).  
Taking into account the geographic localization of populations, the expected 
heterozygosity (HE) did not show a clear pattern of association with latitude (Table 2; Figure 
A1). Although south-western populations of Portugal and Spain had higher genetic diversity 
than Central Europe, this pattern was lost when considering the populations from Northern 
Europe and United Kingdom. In addition, Central Europe and Greece had similar genetic 
diversity. Russia had the lowest genetic diversity given the identical multilocus genotypes, 
followed by Italy and Caspian probably due to the poor sample size of only two individuals. 
The same pattern was also observed for allelic richness (Figure A1). However, the 
differences found for expected heterozygosity and allelic richness must be considered only 
as indicative because a strong statistical significance was not found. 




Table 2 Summary statistics of genetic diversity in Eurasian S. paradoxus genotyped at five 
microsatellite loci. Sample size (N), average number of alleles (a), proportion of private alleles (PvA), 
expected heterozygosity (HE), allelic richness corrected for sample size (AR); SD is the standard 
deviation and 95% CI is the 95% confidence interval. 
 
For all the S. paradoxus strains analysed, only a single allele per locus was detected, 
which revealed a very high level of homozygosity. Homozygosity in natural strains of 
Saccharomyces is well known and may be related to its life cycle, namely, high rates of 
inbreeding (99%) on each sexual cycle in wild populations, either by intra-tetrad mating or 
homothallic selfing [60]. One would expect that selfers have significantly higher linkage 
disequilibrium (LD) values, however, exact tests of genotypic disequilibrium between loci 
were not significant (P > 0.05) and pairwise LD within populations were not significant (P > 
0.05) for a large set of loci combinations. Although haplo-selfing can quickly remove 
heterozygosity, even small amounts of outcrossing and recombination can break LD and 
result in the randomization of alleles at different loci [61]. Therefore it seems that outcrossing 
within the Eurasian population of S. paradoxus is occurring.  
3.4. Genetic structure 
The comparison of RST with pRST provides insights into the main causes of population 
differentiation (section 2.5) [46]. RST was found to be significantly higher than pRST (P < 
0.05), meaning that, besides the drift-migration effect, stepwise-like mutations are also 
contributing for population differentiation. Therefore, RST measures, based on the SMM, were 
considered to better estimate genetic differentiation among populations. Estimated levels of 
population genetic structure and differentiation, as measured by an unbiased estimator of RST 
(ρST) varied considerably across the five microsatellite loci analysed (Table A4). ECM16 was 
the least contributing locus for population genetic differentiation (RST = 0.085), while ASG1 
contributed the most for population structure (RST = 0.473). Overall, the results suggested a 
structured population with a RST = 0.289 (P << 0.001; 95% confidence interval: [0.279, 
  Average over all loci 
 N a PvA HE (SD) AR (SD) 
Portugal 10 4.60 0.09 0.728 (0.067) 4.108 (1.190) 
Spain 6 3.80 0.21 0.727 (0.054) 3.767 (0.822) 
Central Europe 6 3.20 0.06 0.594 (0.100) 3.173 (1.283) 
Northern Europe 6 4.80 0.21 0.812 (0.059) 4.739 (1.602) 
United Kingdom 14 6.40 0.34 0.809 (0.036) 4.941 (1.322) 
Italy 2 1.60 0.13 0.400 (0.163) - 
Greece 5 2.60 0.08 0.604 (0.071) 2.600 (0.548) 
Caspian 2 1.80 0.11 0.533 (0.133) - 
Russia 9 2.00 0.00 0.209 (0.000) 1.817 (0,000) 
Global RST: 0.289, P << 0.001 95% CI: [0.279, 0.576] 




0.576]) (Table 2). For comparative purposes, overall RST calculations based on AMOVA were 
also performed for the 9 populations and a similar degree of population differentiation was 
obtained (RST = 0.313; Table A5C). 
The model-based Bayesian clustering analysis conducted in STRUCTURE showed strong 
genetic structuring for S. paradoxus in Eurasia. The likelihood of assignment, LnP (X|K), 
progressively increased from K=1 to K=10 without reaching a clear plateau (Figure 4A) and 
thus no obvious partitioning of the data was evident, suggesting that increasing the number 
of K clusters would increase the model support to the data. By contrast, the ad hoc value of 
∆K provided supporting evidence for the existence of four distinct ancestral genetic clusters 
in S. paradoxus (Figure 4B and Figure 4C). Figure 4D depicts for all the strains studied the 
geography of individual membership coefficients (K=4). At K=4, all but one individual from 
Russia grouped together. This cluster (marked in yellow and called hereafter the Eastern 
cluster) suggests a geographically well-defined population in Eastern Eurasia. The other 
three inferred clusters did not shown a clear regional separation. Rather, the partitioning of 
the individuals along the three clusters occurred locally, being each of these clusters well 
distributed throughout Europe. All individuals from Greece were uniformly assigned to a 
single cluster (marked in orange), the Balkan cluster. The membership proportions of the 
Greek strains to this cluster was higher than 0.860. According to this analysis the remaining 
of their genotypes seems to have been mostly influenced by the Eastern cluster. Besides its 
relevance in Greece, the Balkan cluster was broadly distributed, spreading eastwards to the 
Caspian region and westwards to the Iberian Peninsula, Northern Europe (Germany, 
Lithuania, Denmark) and UK. A third genetic cluster (the Lusitanian cluster, red) was mainly 
found in Portugal with membership proportions very close to 1. Apart from being found with 
high frequency in Portugal, the Lusitanian cluster is mainly absent from Central and Northern 
Europe, with the exception of Netherlands, United Kingdom and one strain from Italy. Finally, 
the Iberian (green) cluster is widespread in Iberia (Portugal and Spain) and present with high 
membership coefficients also in Central Europe, Finland and UK. The Iberian cluster was 
found in the southernmost part of the Iberian Peninsula and also in the Pyrenees, spreading 
towards Central Europe and United Kingdom. The presence of the Iberian cluster in Northern 
Europe was very limited, being restricted to Finland. Furthermore, neither the Lusitanian nor 
the Iberian clusters spread to the east, contrary to what was found for the Balkan cluster. 
The global performance of STRUCTURE for assigning individuals to K=4 clusters at a q > 
0.75 threshold was 46/60 = 76.(6)%, which means that approximately one quarter of the 
sampled individuals were probabilistically assigned with mixed ancestry and inferred as 
possible mosaics. Such mosaics are likely to be more frequent in regions where members 
from each ancestral cluster are expected to be in contact. Inferred mosaics were represented 
across all Europe but less frequent in Portugal, Greece and Russia (Figure 4C). 




  Figure 4 Structure and distribution of genetic structure of S. paradoxus sampled across Eurasia. A) Ln 
P(K) (± SD) averaged over 15 independent runs for each K value. B) ∆K the second order rate of change 
of Ln P(K) for successive K values; the modal value of this distribution corresponds to the uppermost 
hierarchical level of genetic structure and most likely to the true number of K clusters. C) The 
membership proportions (q) of individual S. paradoxus isolates to the hypothetical K = 4 clusters 
determined by STRUCTURE simulations; underlined are the individuals assigned with mix ancestry (0.25 < 
q < 0.75) and inferred as mosaics. D) Geographic distribution of genetic structure among Eurasian S. 
paradoxus isolates; Pie charts represent the membership proportions for each individual at K = 4 (the 
same as in C) and pie chart position indicate approximate locations of sampled individuals; Dashed 
ovals indicate suitable primary glacial refugia identified for oaks in Europe (R) [25]; Map was adapted 
from [29]; Common southern refugia for plant and animal species located in Iberia, Italy and Balkans are 
indicated in light blue; The grey area shows the extent of the ice cap and the dashed line shows the 
southern limit of the permafrost during the LGM. 




The ancestral Iberian and Eastern clusters were the most important contributors for 
admixture in Germany, while the ancestral Iberian and Balkan clusters were the most 
relevant for admixture in United Kingdom and Spain. Portugal also had a mosaic individual. 
However, both fractions of its genome are from ancestor populations established in the 
Iberian Peninsula (Lusitanian and Iberian clusters). The type strain of S. paradoxus was also 
included in this study. Its geographic origin was postulated to be Russia but the exact 
location of the isolation is unknown. In this study, the type strain was identified as a mosaic 
from the Balkan and Iberian clusters and did not match the remaining strains from the 
eastern cluster. Instead, its genotype was closely related to another Caspian strain isolated 
in Tatarstan, a Russian Republic. 
3.5. Genetic divergence and gene flow between populations 
The group of analyses commonly referred to as AMOVA (Analysis of Molecular Variance) 
follows the assumption that populations to be studied have a common evolutionary history or 
shared ancestry. Therefore, in the absence of disturbing forces, all populations are expected 
to have the same allele frequencies [53]. However, if some degree of isolation has occurred, 
allelic frequencies will vary more between populations than within them. A hierarchical 
AMOVA performed with three southern populations (Portugal, Spain and Greece; Italy was 
excluded due to the poor sample size) revealed that 31.97% of the total genetic variance was 
found within these regions and only 11.71% of the variance was found between regions 
(Table A5A). This result is not surprising given the high fraction of mosaic individuals in 
Spain with high membership coefficients from the Balkan cluster identified by STRUCTURE. 
Given the absence of allopatric signal when these three regions were considered, the 
AMOVA procedures were then performed between pairs of populations (Table A5B and 
Table A5C). Significant signal for past vicariant events was obtained only for Portugal versus 
Greece but not for any comparison involving Spain. 
Pairwise tests of population differentiation (involving all regions except Italy and 
Caspian) yielded similar results to those obtained with AMOVA, reinforcing the idea of 
allopatric divergence between the populations of Portugal and Greece (Table A6). Russia 
was significantly differentiated from all other populations except Greece. The UK population 
was significantly differentiated from most continental populations with the exception of 
Central and Northern Europe populations. 
Pairwise estimates of RST for geographical structure and corresponding levels of gene 
flow (Nem) are presented in Table 3. These results corroborated the AMOVA analysis and 
the pairwise tests of population differentiation since they also segregated Portugal from 
Greece and Russia with RST > 0.460. RST values between Portugal and Spain, and between 




Northern Europe and UK were generally low (0.230 < RST < 0.277) implying little genetic 
differentiation and correspondingly moderate levels of gene flow. Moreover, Greece had low 
RST with the population from Northern Europe, with which it had the highest genetic flux, as 
well as with Spain. Northern Europe was, in general, less divergent from all other 
populations. On the other hand, Central Europe was relatively divergent from almost all 
populations with the exception of Spain, United Kingdom and Northern Europe. These results 
are of no simple interpretation because Portugal seems to be substantially differentiated from 
Central Europe but not from United Kingdom, and Spain has the highest detected gene flow 
with Russia. No population pair was panmictic, indicating that all populations are 
demographically independent. Considered together, these results point out to a complex 
population structure of Eurasian S. paradoxus.  
Table 3 Pairwise estimates of RST averaging the variance components over loci (below diagonal) and 
corresponding migration rates Nem (above diagonal). Values significantly different from zero are 
indicated with an asterisk (P < 0.05) or with two asterisks (P < 0.01). 
 1 2 3 4 5 6 7 
1 Portugal - 0.840* 0.366** 0.732* 0.651* 0.292** 0.267** 
2 Spain 0.230* - 0.890 0.475* 0.551** 0.630 2.803 
3 Central EUR 0.406** 0.219 - 0.482* 0.769* 0.339* 0.182** 
4 Northern EUR 0.255* 0.345* 0.342* - 0.826* 1.667 0.449* 
5 UK 0.277* 0.312** 0.245* 0.232* - 0.358** 0.373** 
6 Greece 0.462** 0.284 0.424* 0.130 0.411** - 0.331** 
7 Russia 0.483** 0.082 0.579** 0.358* 0.401** 0.430** - 
 
Pairwise comparisons of gene flow estimates also indicated that neighbouring 
populations exchange genes more frequently than distant ones (Table 3). To investigate 
further the apparent higher levels of gene flow between neighbouring populations, a model of 
isolation-by-distance was tested. The RST matrix was plotted against the natural logarithm of 
geographic distance under the null hypothesis of independence between the two variables. 
This approach was applied to the largest group for which genetic flow was detected (all 
regions except Greece and Russia, given their little influence in Europe) and to a longitudinal 
transect across Europe representing the broad distribution of Lusitanian and Iberian clusters 
(Figure 5). The Mantel test was not significant (P = 0.21) showing no detectable isolation-by-
distance pattern among populations. Also, only 8% of the genetic variability could be 
explained by geographical isolation. 





Figure 5 Evaluation of isolation-by-distance. Genetic distance (RST/1-RST) was plotted against the 
natural logarithm of geographical distance (km). Population pairs reflect the Iberia Peninsula 
expansion, which include Portugal, Spain, Central Europe, Northern Europe and United Kingdom. 
3.6. Time of divergence and introgression 
Estimates of the time of population divergence were used to determine if the temporal 
divergence between Eurasian populations was consistent with the LGM timescale. The time 
of divergence was estimated using the microsatellite genetic distance (δµ)2 and also Ƭ. This 
was done taking a conservative mutation rate of 5.2x10-6 per locus per generation, specific 
for trinucleotide repeats, [59] and a more relaxed estimate, used for di- and trinucleotides, of 
1.9x10-5 per locus per generation [58]. Because generation times for microbes in nature are 
difficult to quantify, a broad range of generation times was used: one generation per day and 
one generation per eight days. The results are presented in Table 4. 
Table 4 Estimates of divergence time (in years) among populations calibrated for different genetic 
distances ((∆µ)2 and Ƭ), mutation rates (µ1 and µ2) and generation times (1g/day and 1g/8days). 
   µ1 = 5.2x10-6 µ2 = 1.9x10-5 





31.91 ((∆µ)2) 8405 67240 2300 18403 





19.48 ((∆µ)2) 5131 41045 1404 11233 





10.57 ((∆µ)2) 2784 22272 762 6095 
 - (Ƭ) - - - - 
µ is the mutation rate per locus per generation; 1 g / day and 1 g / 8days indicate generation times of one generation per day 
and one generation per eight days, respectively. 
The time of introgression from S. cerevisiae to S. paradoxus was calculated using the 18 
102 bp alignment of syntenic coding regions in the 23 kb long introgressed subtelomeric 
segment on the left arm of chromosome XIV. Introgression was estimated at 145 kya, using 
the relationship t = KS / (2µg), where KS (0.0191) is the synonymous substitution, µ is the 
point mutation rate (1.8x10-10) and g is the number of generations per year (365, or 1g/day). 
If g was set to 46 (or 1g/8days), the introgression should have occurred at 1.5 mya. 
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4.1. Evidence for population structure 
The most common phylogeographic pattern is related to allopatric divergence. 
Populations occupying separate geographic regions acquire genetic discontinuities over time 
and therefore detectable molecular imprints as a consequence of long-term persistence of 
extrinsic barriers to gene flow [62]. Therefore, for the analysis of the data gathered in this 
study, the first question that can be asked is on the existence, or not, of such discontinuities 
in the Eurasian population of S. paradoxus. The null hypothesis of panmixia can be readily 
rejected because substantial population differentiation was found (overall RST = 0.289, P << 
0.001; Table 2). This result indicates that, instead of panmictic, S. paradoxus populations in 
Eurasia are highly differentiated. 
4.2. Evidence of past refuge populations 
The expansion of the ice cap during glaciations caused a marked extinction of temperate 
forests in Eurasia. A likely scenario is that the typical S. paradoxus habitats, notably the oak 
system, suffered a marked contraction surviving only in the most southern regions [25]. For 
animal and plant species that endured the Pleistocene glaciation period, there is now 
substantial evidence that habitat destruction caused by climatic changes promoted allopatric 
divergence [63,64]. This means that isolation and the consequent disruption of gene flow 
favoured the acquisition of genetic discontinuities. Moreover, genetic drift is likely to have 
contributed to enhance genetic differentiation, thus resulting in high fixation indexes. The 
rationale underlying the study of the effect of glaciations is that, because of isolation, 
populations exhibit distinct molecular imprints [62,63]. The identification of refugial 
populations operates by trying to identify such discontinuities.  
In this study, four regions are candidate southern refugia for S. paradoxus: Portugal, 
Spain, Italy and Greece. Although the Italic peninsula has been identified as a refugium in 
several phylogeographic studies related to the LGM [29, 65], it will not be considered in detail 
here due to the poor sampling available for this region. For the remaining regions, the 
AMOVA analyses and the pairwise RST estimates of genetic differentiation between the 
Portuguese and Greek populations yielded significant signal for past allopatric divergence 
(Table 2, Table A5B). Therefore, the identification in the western part of the Iberian peninsula 
and in the Balkans, of two markedly differentiated populations (Figure 5D) supports the 
hypothesis that they have been isolated, which in turn is compatible with the hypothesis that 
they constituted past refugia for S. paradoxus, in the same manner as has been previously 
demonstrated for oaks [25,29]. However, for the comparisons involving Spain, different 




results were obtained. Genetic diversity in Spain was similar to Portugal but allelic richness 
was lower (Figure A1), although not significantly different. Furthermore, Spain did not show 
significant differentiation either from Portugal or Greece (Table A5A and A5C). A possible 
explanation for these findings is that the high proportion (50%) of mosaic genotypes found in 
Spain, all with high membership proportions to the Balkan cluster, suggests that Spain 
constitutes a contact zone of the Iberian and Balkan clusters.  
Although the traditional refugium theory considers southern peninsulas as single and 
homogeneous glacial refugia, recent evidence has highlighted the complexity and 
heterogeneity of European refugia. For the Iberian Peninsula the model of “refugia-within-
refugia”, recently proposed, suggests that multiple allopatric refugia where important for the 
survival of various plant and animal species [66]. In this model, the Iberian Peninsula 
supported the occurrence of several refugia populations during the LGM. The results 
obtained for S. paradoxus in the Iberian Peninsula seem to indicate such a complex 
population structure with refugial populations located only in the western part, being the 
remaining area much more exposed to other genotypes that entered the peninsula through 
the Pyrenees. The identification with STRUCTURE of the ancestral genetic clusters 
corroborates also the idea of complex glacial refugia. While individuals from Greece were 
uniformly assigned to one ancestral cluster, the Balkan cluster, two ancestral clusters 
(Lusitanian and Iberian) were found in the Iberian Peninsula, but without a clear geographical 
separation (Figure 4D). For example, strains collected in the southwest coast of Portugal 
were individually equally assigned to either one of these two clusters.  
4.3. Ecological evidence 
During the LGM, regions in northern latitudes had temperatures that were significantly 
lower than today and were either covered by an ice cap or had a tundra-type vegetation [28]. 
Such conditions did not support the survival of oaks [67], the natural habitat of S. paradoxus, 
or other trees of temperate forests. Therefore it is reasonable to assume that S. paradoxus 
could not have thrived in such ecosystems in the same manner as its present distribution 
does not include the tundra biotype of permanently frozen ecosystems. Interestingly, S. 
paradoxus seems to be less adapted to grow at higher temperatures than its closest relative, 
S. cerevisiae, but also less adapted to grow at lower temperatures than more “cryophilic” 
species like S. uvarum and S. kudriavzevii [68]. This might be reminiscent of the past 
exposure of S. paradoxus to profound climatic oscillations. Indeed, a unique characteristic of 
S. paradoxus is its plasticity with respect to temperature preferences. In isolations from 
natural substrates employing, in parallel, two incubation temperatures, whereas S. cerevisiae 
was consistently isolated at 30ºC and S. uvarum and S. kudriavzevii where isolated only at 




10ºC, S. paradoxus showed no temperature preference and was isolated at the two 
temperatures [23]. 
4.4. Evidence for a “southern richness and northern purity” pattern? 
A classical observation in studies dealing with postglacial recolonization is that 
populations now inhabiting regions of past glacial refugia have high genetic diversity, 
whereas populations from regions that were colonized after the expansion from refugia have 
low genetic diversity. This pattern is usually referred to as the “southern richness, northern 
purity” paradigm [65]. However, the results obtained for S. paradoxus clearly do not fit in this 
model. Considering the nine Eurasian regions studied, the highest levels of genetic diversity 
were not observed in putative (Southern) refugium locations but in the North, namely 
Northern Europe and UK. Such a pattern of increased diversity in northern regions, although 
less common, has been observed previously in a study of chloroplast DNA variation of 22 
European plants [69]. Therefore it is possible that for S. paradoxus, the expansion 
northwards and subsequent convergence of representatives from different refugia caused 
the observed “northern richness”. Another argument supporting this hypothesis comes from 
the analysis of private alleles. Although two Northern populations (UK and Northern Europe) 
have a high proportion of private alleles, the frequency of each private allele is lower in these 
populations as compared with southern populations (Table A3). Moreover, many of these 
private alleles occurred at the extreme ends of the allele size range. This suggests that 
private alleles in Northern populations have a more recent origin and had not yet the time to 
increase in frequency. Conversely, private alleles in southern populations are older and their 
degree of fixation is higher. Further support for this interpretation is obtained in the 
STRUCTURE analysis because the three ancestral southern clusters (Lusitanian, Iberian and 
Balkan) are represented in northern populations. This phenomenon was observed in the 
study of human populations [70]. For example, populations of Oceania had greater 
frequencies of private alleles, which was suggestive of different waves of ancient migration 
out of Africa in the colonization of Oceania. A final observation concerns the analysis of 
admixture. Individuals sampled in Central and Northern Europe and in UK had increased 
levels of mosaicism from the three southern clusters (Figure 4C), which suggests migration 
towards north and subsequent confluence of these ancestral lineages in secondary contact 
regions. 
4.5. Was there an Eastern refugium? 
The Eastern cluster and the Russian S. paradoxus population are based on strains 
collected near Moscow and in Siberia. This cluster seems to be geographically well 




separated from the remaining ancestral clusters (Figure 4D), which is substantially different 
from what was observed for the other clusters. The survival of the Eastern cluster during 
glaciations outside the typical southern refugia suggests that additional refugia existed for S. 
paradoxus. The location of such refugium is presently unknown and, judging from the lack of 
diversity observed for the Russian population, which can be attributed to their recent 
divergence from the same refugium lineage, the refugium itself was not sampled in the 
present study. Although during glaciations northern latitudes in Eastern Europe and the 
Siberian territory were profoundly affected and did not constitute a habitat for oaks [25,67], 
some studies have indicated that certain locations within this vast area may have constituted 
refugia [71,72,73,74]. More specifically, evidence for glacial refugia has been found in the 
Carpathian and Urals Mountains and in the Russian plain, a situation that might have also 
occurred for S. paradoxus. A more detailed sampling in Eastern Europe will be important to 
address this question and to identify this putative refugium.  
In a recent study based on the isolation of S. paradoxus from plant phyllosphere in the 
region of Moscow it was observed that trees other than Quercus could harbour this yeast and 
that population densities varied markedly during the year [75]. Such findings, which so far 
have not been observed in other regions, might be related to particular ecological traits of the 
Russian population and could also be connected with the unique genetic characteristics of 
this population. In fact, the lack of variation at neutral markers in this cluster is remarkable 
and could be related to repeated fragmentation together with genetic drift [76,77]. 
The Eastern cluster had relatively little impact on the structure and dynamics of S. 
paradoxus from all regions except Russia. Individuals sampled in Central Europe and 
Greece showed evidence of admixture from the Eastern cluster, but with values below 35% 
and 10%, respectively. Furthermore, the Eastern cluster was detected in the Pyrenees but 
not inside the Iberian Peninsula.  
4.6. Absence of an Italian refugium 
The isolates collected in Italy did not provide evidence of a separate cluster for this region 
(Figure 4C and Figure 4D). Although only two strains from Italy were studied and a much 
better sampling is obviously desirable, the ancestry coefficient of one of the strains was 
related with the Lusitanian cluster and the other strain showed evidence of admixture from 
the three sampled refugia, i.e. Lusitanian, Iberian and Balkan, with a higher membership 
coefficient for the later. One possible explanation is that genuine refugium representatives 
are to be found only in the South of the Italian Peninsula, which was not sampled in the 
present study. However, given the remarkable dispersal range of the other clusters found, 




this possibility seems unlikely and the analyses carried out in this study should have 
identified a fifth refugium. 
4.7. Time of divergence 
The time of the LGM has been estimated between 26.5 to 19 kya [27]. To comply with the 
hypothesis of glacial refugia and postglacial expansion of European populations, it is 
necessary that populations of putative refugia have diverged during this period or earlier. 
Following the same reasoning, divergence times between populations from southern refugia 
and populations resulting of expansion from refugia, should be more recent and related to 
the deglaciation period.  
To date there is no unanimous mutation rate calibration for the evolution of microsatellite 
trinucleotides in yeasts. Moreover, it is not easy to define a generation time for natural yeast 
populations. Under laboratory conditions, generation times for Saccharomyces are 
approximately 16 generations per day. However, since the environments where S. 
paradoxus are found differ substantially from these laboratory conditions, the generation 
times used in this work were much lower, ranging from 1 generation/day to 1 
generation/8days. It is assumed that for most of the time, either the nutrients, temperatures 
or other factors should not allow rapid microbial growth. It is likely that generation times of 1 
generation/day underestimate the divergence times because the true number of generations 
per day in wild yeast populations may be considerably lower. Furthermore, the colder 
temperatures that prevailed either during the LGM or during the initial period of deglaciation 
are likely to have posed an additional constrain to the generation time. 
Three parameters, the genetic distance [(δµ)2 or Ƭ], the choice of the microsatellite 
mutation rate and the generation time in natural populations, markedly affected the estimates 
(Table 4). In general, most estimates retrieved divergence times compatible with the 
influence of the Pleistocene glaciations in S. paradoxus populations, either for the split 
between refugial populations (dated to the LGM or before) or for the divergence between the 
source refugial populations and the recent colonized populations (postdated the LGM) (Table 
4). However, considering the substantial variation in the estimates of divergence times and 
the uncertainty of generation times of Saccharomyces yeasts in nature, one must be careful 
about the interpretation of these results. 
4.8. Inferring the evolutionary history 
A model of population dynamics for Eurasian S. paradoxus is proposed here (Figure 6).  
All the analyzed Eurasian S. paradoxus strains harbored an introgressed region from S. 
cerevisiae. Although the screening performed in this study was directed to a short segment 




(partial sequence of LEM3), the entire region encompasses a large subtelomeric segment of 
23 kb long [16]. This transfer took place after the split between the Eurasian and Far Eastern 
lineages [16] and was dated to well before the LGM (section 3.6). A condition necessary to 
such hybridization is that both species shared the same habitat. In fact, S. paradoxus and S. 
cerevisiae can be found in sympatry in nature [23]. However, while S. paradoxus is found 
widespread over the Eurasian continent, S. cerevisiae populations are mostly found in 
locations near the Mediterranean basin [23]. Under this scenario, before the LGM this 
introgression from S. cerevisiae occurred and expanded from a southern region, and was 
contributing little for the gene pool of Eurasian S. paradoxus (Figure 6A). For such a large 
segment become fixed in a population, either a selective advantage was associated to the 
introgression, which so far was not verified, or a strong bottleneck event occurred. The 
drastic habitat reduction during the LGM could have provided favorable conditions to the 
later. During this period, the introgression might had been retained in the southern refugial 
areas identified for S. paradoxus (Iberian and Balkan Peninsulas) and became fixed due to 
the strong reduction in population size (Figure 6B). When the ice and permafrost retreated, 
allopatric populations in southern refugia expanded north to new locations. Spreading out of 
Iberia may have followed two waves. The Iberian cluster crossed Spain longitudinally 
eastwards, where it met the Balkan cluster, giving rise to mosaics. Further dispersal 
eastwards the Pyrenees reached Germany. The Lusitanian cluster most likely expanded 
through north Iberia into Netherlands and United Kingdom, but not Germany. More sampling 
in northern regions of Spain and France should help clarifying this possibility. The spreading 
out of the Balkan Peninsula was more restricted to the North and East of Europe, with minor 
influences in Central Europe and United Kingdom (Figure 6C and Figure 4D). Levels of gene 
flow were, in general, more substantial (Nem > 0.8; Table 4) between neighbouring 
populations than between more distant ones (Figure 6D). Moreover, the only relevant gene 
flow involving the Greek population was with the Northern Europe population. This model 
thus attempts to reflect the expansion of genotypes from the Iberian Peninsula with 
increasing levels of pairwise differentiation between spatially distant populations.  
Expansion from the Iberian Peninsula refugia to the northern latitudes was inferred from 
pairwise estimates and was corroborated by the isolation-by-distance analysis (Figure 5). 
Relatively moderate levels of gene flow (Nem > 0.8) were estimated between nearby 
locations but divergence was not correlated with geographical distance. This can suggest 
that populations had recently colonized the area, in accordance with the low frequency of 
private alleles in northern populations, and did not had time to reach migration-drift 
equilibrium [54]. The average low levels of gene flow (Table 4) further indicate that migration 
may not be sufficient to counteract the effect of genetic drift from causing significant genetic 
differentiation [78]. 





Figure 6 Model of S. paradoxus 
population dynamics in Eurasia. 
The blue shaded areas represent 
suitable habitat for S. paradoxus. 
A) Before the LGM, the 
introgression (I) from S. 
cerevisiae was probably located 
in southern peninsulas and was 
contributing little to the genetic 
pool of S. paradoxus in Eurasia. 
B) During the LGM, S. paradoxus 
survived in Iberian and Balkan 
glacial refugia and in an yet 
unsampled eastern refugium 
whose possible locations are the 
Carpathians, Urals and Siberia; 
the introgression was retained in 
these refugia and became fixed 
due to the strong bottleneck; the 
grey area and dashed line shows 
the extent of the ice cap and the 
southern limit of the permafrost, 
respectively. C) At the onset of 
deglaciation refugial populations 
expanded north to new locations; 
red, green and orange arrows 
illustrate the expansion of the 
Lusitanian, Iberian and Balkan 
clusters, respectively; grey 
arrows indicate uncertain routes 
of migration. D) The refugial 
populations contributed 
differently to the current 
distribution of genetic ancestral 
clusters and gene flow among 
the regions sampled; pie charts 
represent the membership 
proportions inferred with 
STRUCTURE in each region at K = 
4 (section 3.4); size of the pie 
charts is proportional to sample 
size; thick lines connect regions 
whenever Nem > 1; thin lines 
connect regions when 1 > Nem > 
0.8; dashed lines indicate regions 
connected by 0.8 > Nem > 0.7.  




4.9. The oak system promotes Saccharomyces ecology 
The wild yeast S. paradoxus is found widespread within Eurasia and this might be a 
consequence of the action of dispersal vectors that carried the yeast over large distances. 
Oak trees have for long been associated with S. paradoxus as a suitable natural habitat for 
these yeasts [15,17,19,20,21,23], and, in fact, more than 70% of the isolates analysed here 
were collected in association with oaks. This association has been mainly attributed to the 
presence of local microscopic concentrations of simple sugars in the tree bark [23]. 
The patterns of postglacial expansion in S. paradoxus described in this study are very 
similar to the colonization patterns established for the hedgehog in Europe (the hedgehog 
paradigm [29,65]), which fits to the postglacial expansion patterns observed for oaks, where 
genomes from several southern refugia contribute to the diversity observed in the north after 
the postglacial advance. Likewise, for oaks [25] and S. paradoxus (Figure 6C), the Iberian 
genomes were the major contributors to central Europe and United Kingdom, while the 
Balkans genomes had major influence in north of Europe and in the eastern part of Europe. 
Furthermore, the identification of multiple refugia within Iberia for S. paradoxus is paralleled 
by multiple Iberian primary refugia in oaks and therefore the phylogeographic pattern of oaks 
and yeast seem to have similarities. The distribution of S. paradoxus in Eurasia was probably 
conditioned by the same range contractions and expansions that modelled the biogeographic 
distribution of oak genotypes during the LGM. These findings shed light on Saccharomyces 
ecology in natural environments, putting oaks not only as natural habitats but also as putative 
carriers that modelled S. paradoxus biogeography in Europe. However, this association 
should not be seen as a strict one. The yeasts may have particular biological and 
biogeographical properties that influence their specific natural history.  
  




5. CONCLUSIONS AND FUTURE PROSPECTS 
Based on the distribution of genetic variation of S. paradoxus in Eurasia, it was possible 
to propose a scenario in which periods of isolation in southern European refugia, namely in 
Iberian and Balkan Peninsulas, during the late Pleistocene glacial cycles were followed by 
range expansion to northern latitudes at the onset of the last deglaciation. These patterns 
were in general agreement with the phylogeographic paradigm for other species in Europe 
[29,65] and with the patterns observed for European oaks [25]. However, the results obtained 
in this study point to a complex distribution of the genetic variation. It is possible that the 
signatures of postglacial expansion here identified are rapidly being eroded by a vigorous 
population dynamics. 
Yeast population biology and ecology suffers from the absence of representative 
collections of individuals from natural habitats across large geographic ranges. This study 
was no exception and the lack of a representative number of strains in some regions did not 
allow to analyse in detail all the phylogeographic complexity that might be present. To 
overcome this problem, it will be necessary to enlarge the collection of S. paradoxus natural 
strains in Europe. During the writing of this thesis more strains from Italy and Slovenia were 
obtained. Their future study may help to clarify the existence or not of an Italian refugium and 
the relative contribution of the Balkan cluster to Central Europe. Increasing the number of 
strains collected in Eastern Europe will be important to localize the unsampled Eastern 
refugium. Also, strains from the north of Spain and France should clarify the expansion 
routes out of the Iberian refugia. 
The aim of most of the population studies is to describe the patterns of population 
structure. In general, measures of population subdivision, like FST (or RST), are used to 
estimate population divergence time and migration parameters. However, such measures 
are subjected to an intrinsically amount of inaccuracies. Also, estimates based only in these 
summary statistics might not be able to distinguish between models of low rates of migration 
and short divergence times from those with high rates of migration and long divergence 
times. To overcome this problem, methods using Markov Chain Monte Carlo algorithms to 
calculate the likelihood function and posterior distribution are becoming available. These 
methods can jointly estimate divergence times and migration rates between two populations 
and should be used to determine more precisely the relationships between populations from 
Portugal and Greece. 
Another problem derived from the phylogeographic study of recent population 
differentiation, such as in the postglacial expansion, is that even a multilocus genotyping 
approach may fail to uncover the complete portrait of population relatedness due to 
insufficient resolution of the markers used. Moreover, such approaches face two major 




limitations. One is the impossibility of gathering sufficient data to be able to recover the full 
heterogeneity of the differentiation process. The other is that inferences can be dramatically 
affected by outlier loci. Complete genome sequencing and the overwhelming amount of 
information that it provides can used to unravel differential demographic processes that will 
inform more accurately about population history.79 
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Table A1 Geographic origin, source of isolation and clustering of S. paradoxus strains. B, I and L 
indicate that the strain was either assigned to the Balkan, Iberian or Lusitanian clusters, respectively, 
in STRUCTURE analysis. Mosaic is indicative of admixture. 
Strain Geographic origin Source Isolated by Cluster 
ZP 506 Sines, Portugal Bark, Quercus faginea Sampaio JP I 
ZP 519 Sines, Portugal Bark, Quercus faginea Sampaio JP L 
ZP 814 Sines, Portugal Q. ilex/Q. Faginea hybrid Sampaio JP I 
ZP 631 Lagoa de Albufeira, Portugal Quercus ilex Sampaio JP L 
ZP 532 Alvão, Olo, Portugal Quercus faginea Sampaio JP L 
ZP 582 Aldeia das Dez, Portugal Castanea sp. Sampaio JP B 
ZP 584 Aldeia das Dez, Portugal Quercus pyrenaica Sampaio JP Mosaic 
ZP 600 Aldeia das Dez, Portugal Castanea sativa Sampaio JP B 
ZP 1020 Senande, Portugal Soil, Quercus faginea Sampaio JP B 
ZP 1023 Senande, Portugal Soil, Quercus faginea Sampaio JP B 
CECT 10175 Spain (unknown) Noctua pronuba (adult) Santa-Maria J Mosaic 
CECT 10176 Spain (unknown) Noctua pronuba (adult) Santa-Maria J Mosaic 
CECT 10308 Spain (unknown) Frass, Quercus lusitanicus Santa-Maria J I 
Chr 116.1 Valle de Ansó, Pyrenees, Spain Quercus sp. Querol A Mosaic 
Chr 118.2 Valle de Ansó, Pyrenees, Spain Quercus sp. Querol A I 
Chr 126.1 Valle de Ansó, Pyrenees, Spain Quercus sp. Querol A I 
ZP 607 Tübingen, Germany Bark, Quercus robur Sampaio JP Mosaic 
ZP 614 Murrhardt, Germany Fagus sylvatica Sampaio JP Mosaic 
ZP 615 Murrhardt, Germany Fagus sylvatica Sampaio JP I 
ZP 665 Bochum, Germany Bark, Quercus robur Sampaio JP I 
EXF 6624 Schwalmtal, Germany Quercus sp. Zalar P B 
CCY 21-31-12 Slovakia (unknown) Amanita citrina Naumov GI I 
CBS 406 Netherlands (unknown) Exudate, Quercus sp. Unknown L 
EXF 6623 Zwalmen, Netherlands Quercus sp. Zalar P L 
CBS 5829 Denmark (unknown) Moor soil, pH 3.6 Unknown B 
NBRC 102003 Lithuania (unknown) Oak, Quercus sp. Naumov GI B 
NBRC 102002 Estonia (unknown) Exudate, Quercus robur Naumov GI Mosaic 
NBRC 102004 Finland (unknown) Exudate, Quercus sp. Naumov GI I 
DBM 71 Peak District, UK Quercus petraea Bensasson D Mosaic 
DBM 81 Peak District, UK Quercus petraea/robur hybrid Bensasson D Mosaic 
DBH 64 Peak District, UK Quercus petraea Bensasson D Mosaic 
DBF 01 Peak District, UK Bark, Quercus robur Bensasson D L 
DBC 46 Norwich, UK Soil, Quercus robur Bensasson D I 
DBH 59 Norwich, UK Quercus robur Bensasson D I 
DBD 29 Norwich, UK Quercus robur Bensasson D I 
DBH 58 Norwich, UK Knopper gall, Quercus robur Bensasson D I 
T 21.4 Berkshire, Silwood Park, UK Bark, Quercus sp. Koufopanou V L 
Y 7 Berkshire, Silwood Park, UK Bark, Quercus sp. Koufopanou V Mosaic 
Y 8.1 Berkshire, Silwood Park, UK Bark, Quercus sp. Koufopanou V I 
Z 1 Berkshire, Silwood Park, UK Bark, Quercus sp. Koufopanou V L 
Q 31.4 Berkshire, Windsor Great Park, UK Bark, Quercus sp. Koufopanou V I 
Q 59.1 Berkshire, Windsor Great Park, UK Bark, Quercus sp. Koufopanou V L 
ZP 1044 Umbria, Perugia, Italy Bark, Quercus pubescens Turchetti B L 
DBVPG 4650 Marche, Bartolini, Italy Fossilized guano in a cavern Unknown Mosaic 
DBN 10 Halkidiki, Greece Quercus pubescens Bensasson D B 
DBN 11 Halkidiki, Greece Quercus pubescens Bensasson D B 
DBN 13 Halkidiki, Greece Quercus pubescens Bensasson D B 




DBN 14 Halkidiki, Greece Quercus pubescens Bensasson D B 
DBN 15 Halkidiki, Greece Quercus virgiliana Bensasson D B 
NBRC 102006 Tatarstan, Russia Exudate, Quercus robur Naumov GI Mosaic 
NBRC 102001 Tashkent ,Uzbekistan Exudate, Quercus sp. Naumov GI B 
PYCC 4570T Unknown (Russia?) Bark, Quercus sp. Unknown Mosaic 
Yurk 1 Moscow, Russia Fruit, Corylus avellana Yurkov A E 
Yurk 2 Moscow, Russia Soil, Abies sp. Yurkov A E 
Yurk 3 Moscow, Russia Leaves, Abies sp. Yurkov A E 
Yurk 7 Moscow, Russia Leaves, Larix sp. Yurkov A E 
Yurk 8 Moscow, Russia Fruit, Swida alba Yurkov A E 
Yurk 9 Moscow, Russia Flower, Galeopsis sp. Yurkov A E 
KPN 3828 Novosibirsk, Siberia Exudate, Quercus robur Yurkov A E 
KPN 3829 Novosibirsk, Siberia Exudate, Quercus robur Yurkov A E 
T Type strain 
 
 
Table A2 List of loci, primers and annealing temperatures to amplify both coding regions and 
microsatellites. Nuclear sequence (nSeq); mitochondrial sequence (mtSeq); nuclear microsatellite 
(nSTR); annealing temperature (Ta); TD indicates that a touch-down protocol was followed. 
Locus Chr. Type Rep. motif Oligonucleotides (5' -> 3' sequence) Ta (ºC) Ref. 
EST2 XII nSeq - Fw: AGTTCAYCCAAGACAAGC 52 * Rv:CAACAACCACCGAAAGTCCT 
LEM3 XIV nSeq - Fw: TAGCGAAGATCAGATACGTGG 52 - Rv: CAGTCGCTTCTCCCTCCGT 
COX2 - mtSeq - Fw:TGATGTACCAACACCTTATGC 48 [79] Rv:AGGTAATGATACTGCTTCGAT 
ASG1 IX nSTR TTA Fw: HEX-GTCAGCCGTATTTTGTTCGTT 62 - 52 TD [18] Rv: GCCAGCCAAATATGCTTG 
ECM16 I nSTR TTC Fw: HEX-CATCATCTAAATCTTCCTCTCTAAT 55 [18] Rr: TCCGAAGAAGAAATATAATTGGAGACAACG 
UBA1 XI nSTR ATT Fw: FAM-GCAGATGATAAGGAAGGCGAG 57 [18] Rv: CCGCCTGCTCTACTAACAATC 
ZEO1 XV nSTR ATA Fw: NED-AAGGAGGGCGGTTTCTTGAAG 66 – 56 TD [18] Rv: GGTTATCATCCCACCCTTCC 
TFA1 XI nSTR AGA Fw: FAM-GAATGATTACTACGCTGCTTTGGC 55 [15] Rv: CGGACCATATCAAACGTCCTC 
* Primers previously used in the host laboratory 
 
Table A3 Microsatellite allele frequencies (%) across loci and populations. Portugal (Pt); Spain (Sp); 
Central Europe (Ce); Northern Europe (No); Italy (It); Greece (Gr); Russia (Ru); Caspian (Ca) and 
United Kingdom (UK). Shaded numbers identify private alleles. 
Locus Allele Pt Sp Ce No UK It Gr Ca Ru 
ASG1 24 - - - - 7.14 - - - - 
 25 - - - - 7.14 - - - - 
 26 70.00 16.67 - - - - - - - 
 27 20.00 33.33 - 50.00 7.14 - 20.00 50.00 - 
 28 10.00 16.67 33.33 33.33 0.00 50.00 80.00 50.00 88.89 
 29 - 33.33 66.67 - 28.57 - - - 11.11 
 30 - - - 16.67 7.14 50.00 - - - 
 31 - - - - 14.29 - - - - 
 35 - - - - 28.57 - - - - 
ECM16 10 - - - - 21.43 - - - - 
 12 - - - 16.67 - 50.00 - 50.00 - 
 15 - - - 16.67 - - - - - 




 19 10.00 33.33 83.33 - - - - - - 
 20 - - - 16.67 21.43 - - - - 
 21 30.00 - 16.67 - 7.14 - 40.00 - - 
 23 10.00 - - - - - - - 11.11 
 24 - - - - - 50.00 - - - 
 26 - - - - 7.14 - - - - 
 27 10.00 - - 16.67 7.14 - - - - 
 28 20.00 - - - - - - - - 
 29 - 33.33 - 16.67 28.57 - - - - 
 31 20.00 - - 16.67 7.14 - - - - 
 32 - 16.67 - - - - 60.00 - 88.89 
 41 - - - - - - - 50.00 - 
 42 - 16.67 - - - - - - - 
TFA1 16 - 33.33 16.67 - - - 20.00 - - 
 18 30.00 - 66.67 33.33 28.57 - 40.00 50.00 11.11 
 20 40.00 50.00 16.67 50.00 35.71 100.00 40.00 50.00 88.89 
 22 30.00 16.67 - - 35.71 - - - - 
 24 - - - 16.67 - - - - - 
UBA1 10 - - - 16.67 - - 40.00 - - 
 13 - 16.67 - - - - - - - 
 15 - - - 16.67 - - - - - 
 16 - - - 16.67 14.29 - - - - 
 17 - - 16.67 - - - - 100.00 - 
 18 - - 33.33 16.67 - - - - 88.89 
 19 - 16.67 16.67 - 14.29 - 40.00 - - 
 20 - - - - - - 20.00 - - 
 21 - 66.67 - - - 100.00 - - - 
 22 30.00 - - - - - - - - 
 23 10.00 - - 16.67 - - - - 11.11 
 26 20.00 - 16.67 - - - - - - 
 28 - - - - 7.14 - - - - 
 29 20.00 - - - 7.14 - - - - 
 33 10.00 - - 16.67 14.29 - - - - 
 39 - - - - 14.29 - - - - 
 40 10.00 - - - 7.14 - - - - 
 41 - - - - 7.14 - - - - 
 45 - - - - 14.29 - - - - 
 48 - - 16.67 - - - - - - 
ZEO1 15 - 16.67 - - - - - - - 
 22 - 33.33 - - - - - - - 
 23 - - 16.67 - - - - - - 
 28 40.00 - 33.33 16.67 35.71 - - 50.00 88.89 
 29 20.00 16.67 33.33 - 28.57 - - - - 
 30 20.00 16.67 16.67 16.67 - 50.00 - 50.00 - 
 31 10.00 16.67 - - - - 40.00 - 11.11 
 32 - - - 16.67 - - 20.00 - - 
 33 - - - - 7.14 - - - - 
 34 10.00 - - - 14.29 - - - - 
 35 - - - 16.67 7.14 50.00 - - - 
 36 - - - - 7.14 - 40.00 - - 
 44 - - - 16.67 - - - - - 
 49 - - - 16.67 - - - - - 
 
  




Table A4 Summary statistics of genetic diversity for individual microsatellite loci in each population. 
Sample size (N), number of alleles (A), number of private alleles (P), expected heterozygosity (HE). 
  ASG1 ECM16 TFA1 UBA1 ZEO1 
 N A P HE A P HE A P HE A P HE A P HE 
Pt 10 3 0 0.484 6 1 0.842 3 0 0.695 6 1 0.842 5 0 0.779 
Sp 6 4 0 0.788 4 1 0.788 3 0 0.667 3 1 0.545 5 2 0.848 
CE 6 2 0 0.485 2 0 0.303 3 0 0.545 5 0 0.848 4 1 0.788 
NE 6 3 0 0.667 6 1 0.909 3 1 0.667 6 1 0.909 6 2 0.909 
UK 14 7 4 0.825 7 2 0.836 3 0 0.688 9 4 0.910 6 1 0.783 
It 2 2 0 0.667 2 1 0.667 1 0 0.000 1 0 0.000 2 0 0.667 
Gr 5 2 0 0.356 2 0 0.533 3 0 0.711 3 1 0.711 3 0 0.711 
Ca 2 2 0 0.667 2 1 0.667 2 0 0.667 1 0 0.000 2 0 0.667 
Ru 9 2 0 0.209 2 0 0.209 2 0 0.209 2 0 0.209 2 0 0.209 
 RST = 0.473 RST = 0.085 RST = 0.159 RST = 0.458 RST = 0.375 
 
 
Table A5 Three-level and two-level hierarchical AMOVAs. (A) Among populations arranged in a 
structure that reflects the southern peninsulas (Portugal, Spain and Greece); (B) among Portugal and 
Greece populations; (C) among different combinations of populations pairs. 
(A) 
Source of variation d.f. Sum of squares Variance 
components % of variation 
Among regions 1 828.219 15.95524 11.71 
Among populations within regions 1 730.333 43.57254 31.97 
Within populations 39 2993.067 76.74530 56.32 
Total 41 4551.619 136.27308  
FCT: 0.11708 ns  
FSC: 0.36215 P < 0.005  
FST: 0.43683 P < 0.001  
(B)     
Source of variation d.f. Sum of squares Variance components % of variation 
Among populations 1 1063.533 75.277 55.71 
Within populations 28 1675.400 59.836 44.29 
Total 29 2738.933 135.113  
Fst: 0.55714 P < 0.002  



























Among populations 31.29 34.99 10.49 60.44 24.73 41.09 
Within populations 68.71 65.01 89.51 39.56 75.27 58.91 
FST: 0.31285 0.34991 0.10495 0.60441 0.24735 0.41085 
P < 0.001 < 0.005 ns << 0.001 ns ns 
 





Table A6 Pairwise population differentiation tests without assuming Hardy-Weinberg equilibrium. 
 2 3 4 5 6 7 
1 Portugal ns ns ns * ** * 
2 Spain - ns ns ns ** * 
3 Central EUR 
 - ns ns * ns 
4 Northern EUR 
  - ns ** ns 
5 Greece 
   - ns ** 
6 Russia 
    - ** 
7 UK 
     - 
* Significant (P < 0.01) 






Figure A1 Variation of genetic diversity within populations. Blue diamonds and red squares indicate 
estimates of expected heterozygosity and allelic richness corrected for sample size, respectively, 
within populations with corresponding standard deviations; Italy and Caspian populations were not 
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